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Abstract 13 
The relationships between deformation and fluid flow have been investigated in the Paleozoic 14 
basement of an isolated horst of the Catalan Coastal Ranges. A structural, petrological and 15 
geochemical study has been performed in a complex fracture network that resulted from a long-lived 16 
tectonic history (from Carboniferous to Miocene). 17 
Nine fracture types, developed from a ductile regime in the greenschist facies to a shallow brittle 18 
regime, have been characterized in order to establish P, T and fluid compositions during the evolution 19 
of the horst. Syn-cleavage and late-cleavage quartz veins (qtz1-chl1±mu and late qtz2-chl2-dol1) 20 
formed during the Hercynian ductile deformation. These minerals precipitated from metamorphic 21 
fluids, possibly evolved from seawater, at temperatures between 240 and 340ºC. En-echelon albite 22 
vein arrays (ab-qtz3-chl3±ti-an) and NE-SW normal faults generating breccias mark the change from 23 
ductile to brittle, from compression to extension and from a closed to an open hydrologic regime. 24 
This paragenesis precipitated from the mixing of metamorphic and magmatic fluids at temperatures 25 
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between 180 and 290ºC during the early Permian extension. Dolomite veins (dol2-chl4-qtz4), 26 
precipitated at 210-280ºC from the mixing of previous fluids with hypersaline oxidizing external 27 
brines, possibly during the late stage of the early Permian extension. Reverse faults and calcite veins 28 
(Cc1-ba) formed either during the Paleogene compression or during the Langhian to early 29 
Serravallian minor compression. Calcite and barite precipitated from meteoric or marine waters in an 30 
open hydrological system at temperatures below 50ºC. The Miocene extension is represented by NE-31 
SW normal faults with fault gouges and NNW-SSE normal faults cemented by calcite 2 that 32 
precipitated at temperatures below 50ºC from meteoric fluids in an open basin-scale hydrological 33 
system. 34 
The studied horst was part of a relay zone between two segments of the NNW-SE Llobregat fault 35 
during the early Permian, explaining the high fracture density and the fast upflowing of hydrothermal 36 
fluids at that time, thus controlling the development of albite veins exclusively in this area. 37 
 38 
Key words: ductile deformation, brittle deformation, fluid flow, relay zone, crystalline Palaeozoic 39 
basement, Catalan Coastal Ranges. 40 
1. Introduction 41 
Fluids are ubiquitous in the Earth’s crust and play a main role in diagenetic processes, metamorphism 42 
and the formation of ore deposits as they transport heat and dissolved ions (Fyfe et al., 1978; Ferry 43 
and Dipple, 1991; Deming, 1994; Garven, 1989; Duddy et al., 1994; Putnis, 2002; Trincal et al., 44 
2015). A broad variety of fluid flow types occurs in the upper to middle crust, including flow along 45 
brittle faults and ductile shear zones, convection and pervasive fluid flow, which are driven by 46 
deformation and temperature gradients (Oliver, 1996, 2001). These fluid flow types cover a wide 47 
range of scales, from centimetric to regional scale (Oliver, 1996; Berwouts et al., 2008). 48 
During shallow burial, fluids are produced by diagenetic reactions and by the expulsion of connate 49 
fluids during compaction, but external fluids may also enter in the system (Moore, 1989). As pressure 50 
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and/or temperature increase, and prograde metamorphic conditions are achieved, fluids are produced 51 
by devolatilization reactions of hydrous minerals contained in metasedimentary sequences (Walther 52 
and Orville, 1982; Ferry and Dipple, 1991; Connolly, 1997, 2010). Afterwards, during uplift, external 53 
fluids (basinal and meteoric) infiltrate in the rocks producing the retrogression of the rocks and the 54 
generation of new veins under different P-T conditions (Fyfe et al., 1978; Zhang et al., 2003; 55 
Anderson et al., 2004). Thus, during deformation and basin evolution, fluids evolve and change in 56 
terms of: 1) their hydrogeologic regime (open or closed) (Marquer and Burkhard, 1992; Travé et al., 57 
1998; Ghisetti et al., 2001; Cruset et al., 2016); and, 2) their chemistry and composition due to e.g. 58 
fluid interaction with different lithologies, temperature and pressure changes that control the 59 
solubility/precipitation and stability barriers of minerals, redox reactions, fluid mixing caused by 60 
changes in the hydrogeologic regime and/or deformation, etc. (Barnaby and Rimstidt, 1989; Hanor, 61 
1994; Labaume and Moretti, 2001; Parcerisa et al., 2006; Baqués et al., 2012; Lacroix et al., 2012). 62 
On the other hand, fluid generation may increase the fluid pressure, which causes a decrease in the 63 
effective normal stress favoring failure and even induce the reactivation of misoriented faults at a 64 
given stress field (Sibson, 1977; Sibson and Scott, 1998; Aydin, 2000; Van Noten et al., 2011). 65 
Moreover, as fluids control the effective strength of rocks, they also exert a control in the transition 66 
zone between brittle and ductile conditions together with the geothermal gradient, lithology and grain 67 
size, inherited fabrics and stress field orientation (Connolly, 1997; Imber et al., 2001). Thus, fluids 68 
and deformation have an intrinsic relationship as fluids enable deformation and deformation 69 
facilitates fluid migration. 70 
The study of veins, the best evidence of fluid flow, from a structural, petrological and geochemical 71 
point of view, provides insight about the relationship among deformation, metamorphism and fluid 72 
flow (Dewaele et al., 2004; Miller and Cartwright, 2006; Berwouts et al., 2008; Van Noten et al., 73 
2008; Pitcairn et al., 2010; Depoorter et al., 2014). Quartz veins are present in most of exhumed 74 
metamorphic rocks and are generally believed to represent active fluid paths during or slightly after 75 
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deformation and metamorphism, thus registering the P-T path and fluid chemistry during and after 76 
metamorphism (Nesbitt and Muelenbachs, 1989; Wood and Walther, 1986; Yardley, 1986; Ferry and 77 
Dipple, 1991; Birtel and Stöckhert, 2008; Berwouts et al., 2008). 78 
This work deals with the temporal and spatial relationship between fluids and deformation in an 79 
isolated horst of the Catalan Coastal Ranges (NE Iberia), mainly constituted of Ordovician phyllites. 80 
This horst, the Turó de les Forques, is differentiated from the surrounding areas by a complex network 81 
of fractures including syn- to late-cleavage Hercynian veins and faults and veins generated during 82 
different extensional and compressional events registered in the Catalan Coastal Ranges. The 83 
relationships between deformation and fluid flow in the Mesozoic and Cenozoic tectonic events have 84 
been previously studied in Mesozoic and Neogene carbonates (Travé et al., 1998; Baqués et al., 2010, 85 
2012) and also in Neogene siliciclastic rocks (Travé and Calvet, 2001; Travé et al., 2009; Parcerisa 86 
et al., 2005; Cantarero et al., 2014a). For the first time, in this work, the study of such relationships 87 
is focused in the metamorphic Paleozoic basement in order to decipher the behavior of a crystalline 88 
basement with respect to fluids from Hercynian to Neogene times. 89 
The aims of this study are fourfold: (i) to characterize petrologically and geochemically the mineral 90 
paragenesis related to the different generations of fractures; (ii) to determine the composition and 91 
origin of fluids; (iii) to establish the hydrogeological regimes and the fluid pathways as a function of 92 
the involved tectonic event; and (iv) to decipher the structural evolution of this isolated horst and why 93 
it concentrates that high density of fractures. 94 
 95 
2. Geological Setting 96 
The Catalan Coastal Ranges (CCR), located in NE Spain, are the result of a long tectonic history that 97 
spans from Paleozoic to Present times. Nowadays, the CCR display a well-developed NE-SW horst-98 
and-graben structure acquired during the opening of the Valencia Trough (Oligocene-early Miocene) 99 
(Roca and Guimerà, 1992). This structure is limited by NE-SW striking listric normal faults (fig. 1), 100 
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with a detachment level at 12-16 km (Gaspar-Escribano et al., 2004), segmented by later NW-SE to 101 
NNW-SSE trending faults. This Neogene extensional structure is superimposed on a Paleogene 102 
contractional structure, the Catalan Intraplate Chain, formed during the N-S collision between the 103 
Iberian and European plates during Late Cretaceous-late Oligocene (Guimerà, 1984; Bartrina et al., 104 
1992). In its turn, NE-SW Paleogene thrusts were the result of the inversion of major Mesozoic 105 
normal faults (Guimerà, 1984; Bartrina et al., 1992; Roca, 1994; Vergés and García-Senz, 2001) that 106 
resulted from the western Tethys and of the North Atlantic openings. Moreover, previously to these 107 
tectonic events, Hercynian deformation and late-Hercynian processes also took place as recorded by 108 
the outcropping Paleozoic rocks within the horsts (Julivert and Durán, 1990a, b; Santanach et al., 109 
2011; Cantarero et al., 2012, 2014b). In general, three Hercynian deformation phases have been 110 
reported: a main deformation phase responsible of the E-W trending folds and a main regional 111 
foliation and two late folding phases that formed crenulations to chevron and kink folds and related 112 
cleavages (Julivert and Durán, 1990a). After these folding phases, but before Triassic, late-Hercynian 113 
acidic to intermediate plutonic and hypabyssal rocks intruded the Cambro-Ordovician to Lower 114 
Carboniferous metamorphic sequence (Enrique, 1990). On a larger scale, this orogeny generated the 115 
curved Ibero-Armorican belt caused by the oblique convergence and collision of Gondwana and 116 
Laurentia-Baltica supercontinents at the end of the Paleozoic (Matte, 2001). The CCR belong to the 117 
northern limb of this arc where mainly greenschist facies conditions were acquired (Julivert and 118 
Duran, 1990b). 119 
The Turó de les Forques is a horst, constituted by Ordovician phyllites, isolated within the Miocene 120 
rocks of the Vallès Half-graben, which is separated to the west from the Garraf Massif by the incision 121 
of the Llobregat River (fig. 1). These rocks are unconformably overlain to the north by Miocene 122 
rocks, gently dipping to the NW, and are limited to the E by NNW-SSE and NE-SW striking normal 123 
faults dipping to the E-SE. At the other side of the Llobregat river, Ordovician phyllites are 124 
unconformably overlain by Buntsandstein facies (fig. 1). Both Buntsandstein and Miocene 125 
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successions are only gently tilted (10-20º), indicating the scarce rotation of the rocks forming the 126 
Turó de les Forques. 127 
The incision of the Llobregat River has exposed a 500 m long and 80 m high excellent outcrop, 128 
intensely crosscut by a huge amount of fractures resulting from a complex tectonic history from 129 
Hercynian to Neogene times. 130 
 131 
3. Methodology 132 
The field work carried out in this study allowed to generate a schematic map and a cross-section of 133 
the Turó de les Forques (fig. 2). Structural data was collected and plotted in equal-area lower-134 
hemisphere stereographic projections (fig. 3). The remarkable outcrop parallel to the highway was 135 
mapped and the different fractures sets and their crosscutting relationships were established (fig. 3). 136 
The different generations of fractures, fault rocks and vein minerals, were sampled. Thin sections 137 
were studied under optical and cathodoluminescence microscopes. A Technosyn Cold 138 
Cathodoluminescence Model 8200 MkII operating at 16-19 kV and 350 µA gun current was used. 139 
X-ray diffractions of 7 whole-rock powders have been performed with a Bragg-Brentano PAnalytical 140 
X’Pert PRO MPD alpha 1 operating at 1.5406 Å, 45 kV and 40 mA. They were scanned from 4 to 141 
100º2θ with a 0.017º2θ step size and a count time of 50s per step. Oriented aggregates of clay minerals 142 
in gouges were also prepared in order to recognize the mineralogy. Samples were dispersed and 143 
disaggregated by soaking in de-ionized water and suspended repeatedly. Separation of the <2 µm 144 
fraction was done by centrifugation. Samples were subsequently air-dried, glycolated during 24 hours 145 
at 50ºC and heated for 2h at 550ºC. XRD patterns were obtained between 2 to 62º2θ (normal sample) 146 
and 2 to 30º2θ (ethylene glycol and thermal treatment samples) with a 0.033º2θ step size and a count 147 
time of 50 s per step. 148 
Ordovician phyllites and gouges have also been analyzed by X-Ray Fluorescence (FRX). Major 149 
elements were measured in fussed samples with a Panalytical PW 2400 spectrophotometer, using an 150 
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Rh anode. Fussed samples were prepared with 0.3 g of molten and dry sample mixed with 5.7 g of 151 
lithium tetraborate and 5 mg of lithium iodide. The mixture was homogenized and fussed at 1125ºC 152 
obtaining pearls of 30 mm of diameter.  153 
Carbon-coated thin sections were used to analyse major and minor elements of carbonate cements, 154 
chlorites, feldspars and micas with a CAMECA SX-50 electron probe micro-analyzer (EPMA). It 155 
was operated using 15 nA beam intensity, 20 keV acceleration voltage and a beam diameter of 10 156 
µm. The precision of major elements is about 0.64% (at 2σ confidence level). 157 
Twelve microsamples of calcite cements were powdered with a microdrill for carbon and oxygen 158 
isotopes. Samples (60±10µg) were reacted with 100% phosphoric acid at 70º C for three minutes. 159 
The CO2 extraction was done in an automated Kiel Carbonate Device III attached to a Thermal 160 
Ionization Mass Spectrometer Thermo Electron (Finnigan) MAT-252 following the method of 161 
McCrea (1950). The International Standard NBS-19 was used. The results are expressed in ‰ VPDB 162 
standard. Standard deviation is ±0.02‰ for δ13C and ±0.07‰ for δ18O. 163 
Temperature conditions were estimated both, by thermometry from chlorite composition and by fluid 164 
inclusion analyses. 165 
Chlorite present several chemical substitutions (simple and coupled) controlled by the equilibrium 166 
conditions (P, T, pH, fO2) that can be modeled using a set of different end-members (Vidal et al., 167 
2001, 2005, 2006, 2016; Lanari et al., 2014). In this work the multi-equilibrium approach of Vidal et 168 
al. (2005, 2006) was used to obtain the simultaneous estimate of Fe3+ content in chlorite and 169 
equilibrium temperature by the convergence of four equilibria reactions involving five chlorite end-170 
members (Mg-amesite (Si2Al4Mg4O10(OH)8), Fe-amesite (Si2Al4Fe4O10(OH)8), daphnite 171 
(Si3Al2Fe5O10(OH)8), clinochlore (Si3Al2Mg5O10(OH)8), and sudoite (Si3Al4Mg2□1O10(OH)8)) at a 172 
given pressure (Vidal et al., 2005). The position of these equilibria in a P-T space depends on the 173 
activities of the chlorite end-members, quartz and water (Berman, 1991). In this work, temperatures 174 
and XFe3+ of chlorite were estimated at a fixed pressure of 2 kbar, taking into account that Hercynian 175 
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metamorphism is LP-HT and that a pressure of 1.5 kbar has been reported for the late-Hercynian 176 
granodiorite intruding the Ordovician host rocks in a nearby area at the Littoral Chain (Gil-Ibarguchi 177 
and Julivert, 1988). Water activity has been considered equal to 1. The convergence is achieved for a 178 
minimum Fe3+ fraction (XFe3+ = Fe3+/(Fe2++Fe3+) when the temperature difference between the four 179 
equilibria is less than 30ºC (Lanari et al., 2012 and references therein). Formation temperatures of 180 
chlorite in the current study were estimated using the program CHLMICAEQUI (Lanari, 2012). 181 
Fluid inclusions were examined in quartz and calcite to determine composition and temperature of 182 
the mineral-forming fluid. Thick sections were used for petrographic characterization of the fluid 183 
inclusions and for microthermometric determination. Measurements were made on a Linkam THM-184 
600 heating-freezing stage. Raman microspectroscopy analyses were recorded with a LabRam 185 
HR800 Jobin-YvonTM microspectrometer equipped with 600 g/mm gratings and using 532 nm (green) 186 
laser excitations. Acquisition timespan was 30 s and 60 s during 10 accumulation spectra. Vapor 187 
bubbles were analyzed in order to determine the presence of volatile species (CO2, CH4, N2, H2S). 188 
Due to fluorescence interferences, fluid inclusions only have been analyzed in quartz 1. 189 
 190 
4. Structure 191 
The Ordovician phyllites show a regional foliation that dips dominantly 60º to the NNE which is 192 
deformed by km-spaced WNW-ESE open folds (fig. 2, 3). The foliation corresponds to a penetrative 193 
cleavage which is locally deformed in centimetric kink folds with axial planes dipping around 80ºE. 194 
These orientations are consistent with the Hercynian structures described at regional scale (Julivert 195 
& Duran, 1990a). The phyllites are intruded by two granodioritic porphyries of NE-SW direction.  196 
Based on field and thin section cross-cutting relationships, orientation, geometry and vein 197 
mineralogy, 9 fracture types have been described, being from the oldest to youngest: syn-cleavage 198 
quartz veins, late-cleavage quartz veins, en-echelon albite veins, NE-SW normal faults, NE-SW 199 
dolomite veins, NW-SE reverse faults, N-S calcite veins, NE-SW Neogene normal faults and NNW-200 
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SSE Neogene normal faults. The first seven generations have only been found in the Ordovician 201 
phyllites whereas the last two fault systems affect both Ordovician phyllites and Miocene rocks. 202 
Syn-cleavage quartz veins. Veins are from 1 to 50 cm wide and are concentrated into 4-meter thick 203 
bands separated by a metric spacing. Veins occur in moderate to tight rounded folds with axial-planes 204 
parallel to cleavage. In the limbs the veins are dismembered parallel to the cleavage, whereas in the 205 
hinge, veins are thickened (fig. 3, 4A). These observations point out that these veins are coeval to the 206 
development of the Hercynian cleavage.  207 
Late-cleavage quartz veins. These veins cross-cut the previous quartz veins and are less abundant. 208 
They are 1 to 7 cm wide and up to 1 m long and are developed perpendicular to the cleavage (fig. 3, 209 
4B). However, locally, they are slightly deformed by open folds, which axial plane is the regional 210 
cleavage. That relationship suggests that these veins were formed during the last stages of the 211 
cleavage development. Moreover, at microscopic scale, these veins are affected by discontinuous 212 
ductile shears, about 2 cm long and 200-500 µm wide, subparallel to the vein walls, thus confirming 213 
the Hercynian age of these veins.  214 
En-echelon albite veins. Veins have a N-S to NE-SW striking direction with a steep dip towards the 215 
W (fig. 3). Veins are from 3 to 15 cm long and from 1.5 mm to 5 cm wide and have both straight and 216 
sigmoidal shapes (fig. 4C, D). They have a characteristic pinkish color due to the albite. The thickest 217 
veins usually contain angular phyllite clasts (fig. 4E). Also the coalescence of several veins produced 218 
a brecciation of the rock. These veins are not homogeneously distributed along the outcrop. They are 219 
disseminated in the host rock with densities from 11 to 75 fractures/m or are arranged in en-echelon 220 
vein arrays (fig. 3, 4). Such arrays are both single and conjugate sets with a mirrored symmetry and 221 
indicate a normal displacement. In some cases, these arrays are linked to discrete fault planes (fig. 222 
4D).  223 
NE-SW normal faults. Faults are normal and transtensional with a dominant NE-SW trend and dips 224 
between 63 and 87º indistinctly to the NW or SE, in a conjugate system. Plains are usually undulouse, 225 
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producing variations in the strike direction (fig. 3). These faults generate breccias constituted by 226 
angular clasts derived from the phyllites, up to 3 cm in size, and from albite veins, which are in turn 227 
cemented by albite. This fact suggests successive fault movements and albite precipitation. Locally 228 
these faults have been reactivated as strike-slip. This reactivation generates greenish cohesive 229 
cataclasites constituted by millimetric to centimetric clasts from the host rock and albite veins (fig. 230 
4F). 231 
NE-SW dolomite veins. These veins, up to 400 µm wide and up to 3 cm long, have only been 232 
recognized at microscopic scale. They show a NE-SW trend with dips between 35-45ºSE. 233 
NW-SE reverse faults. This set of fractures are poorly developed and represents reverse faults defined 234 
by NW-SE discrete planes dipping around 35º to the NE (fig. 3).  235 
N-S calcite veins. These veins, up to 2 mm wide, have been only recognized at microscopic scale. 236 
They show a N-S striking direction and are subhorizontal. 237 
NE-SW Neogene normal faults. This system affects both the Ordovician phyllites and the Miocene 238 
rocks, thus indicating their Neogene age. They are represented by NE-SW normal faults with dips 239 
from 25 to 80 mostly to the NW (fig. 3). This dip variability is caused by the characteristic fan-like 240 
geometries of this system (fig. 3). These geometries are formed by both discrete planes or up to 1.5 241 
m wide fault cores, only in the phyllites, defined by greyish fault gouges (fig. 4G). 242 
NNW-SSE Neogene normal faults. These faults cut and displace the Miocene unconformity and the 243 
Miocene rocks above, indicating their formation during the Neogene extension (fig. 3B).This fault 244 
system is defined by a conjugate system of NNW-SSE trending normal faults dipping 52-79º 245 
indistinctly to the W or E, later reactivated as strike-slip faults (fig. 3B-C). These faults are 246 
represented by discrete planes that locally develop centimetric fan-like geometries. This system 247 
commonly has striated planes, which are sometimes formed by calcite slickenlines (fig. 3B).  248 
 249 
5. The host rocks 250 
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Phyllites are characterized by a penetrative cleavage defined by a strong preferred orientation of 251 
chlorite, muscovite and elongated quartz with some interbedded quartz-rich layers, from 0.1 to 1.8 252 
mm thick (fig. 5A-C). Bedding shows syn-cleavage tight folds with thickened hinges, with axial 253 
planes and limbs parallel to the regional foliation (fig. 5B). This foliation is locally folded by minor 254 
crenulations (fig. 5D) and kink folds. 255 
Pelitic bands are constituted by muscovite (60%), quartz (25%), chlorite (10%) and albite (5%) and 256 
are rich in organic matter. Muscovite crystals range in size from 0.01 to 0.05 mm, quartz and albite 257 
from 0.02 to 0.1 mm and chlorite from 0.05 to 0.15 mm. On the other hand, quartz-rich layers have a 258 
granoblastic texture constituted by quartz (60%), muscovite (35%) and chlorite (5%). Quartz has a 259 
grain size between 0.05 and 0.1 mm, muscovite between 0.02 and 0.15 mm and chlorite between 0.1 260 
and 0.2 mm. Quartz and chlorite are elongated parallel to the regional foliation and show 261 
intracrystalline deformation, indicating a pre-foliation development (fig. 5A, C), whereas the 262 
preferred orientation of prismatic muscovite crystals (fig. 5C), points to a syntectonic crystallization. 263 
Miocene rocks from the Costablanca Formation (Burdigalian; Anadón and Cabrera, 1980; Cabrera, 264 
1981), unconformably overlying the Ordovician phyllites, consist of an alternance of lacustrine 265 
carbonates, red conglomerates and white to red lutitic layers. Lacustrine carbonates are mudstones 266 
with levels rich in filamentous microbial-like structures and a dull orange cathodoluminescence.  267 
Miocene limestones show δ18O values between -8.6 and -8 ‰VPDB and δ13C values between -7.7 268 
and -6.5 ‰VPDB (fig. 6). 269 
 270 
6. Paragenetic sequence in fractures 271 
The 9 different fracture types described above are characterized by different mineral associations, 272 
leading to the following paragenetic sequence (fig. 7): 273 
 274 
6.1. Quartz 1-chlorite 1±muscovite 275 
12 
 
This mineral association constitutes the main paragenesis of the syn-cleavage and late-cleavage 276 
quartz veins. In both types of veins, quartz 1 crystals are inequigranular, up to 7 mm in size, inclusion-277 
rich and have undulouse extinction (fig. 8A). Quartz crystals in syn-cleavage veins show 278 
intracrystalline deformation and partial recrystallization represented by subgrain formation, 279 
deformation lamellae and lobate grain boundaries (fig. 8A). This intracrystalline deformation is less 280 
intense in late-cleavage quartz veins, which crystals are elongated and bladed and grain boundaries 281 
are straight or curved. 282 
Chlorite 1 grows along the contact between quartz crystals. It is characterized by brownish crystals 283 
up to 62 µm in size. Though less abundant, muscovite flakes up to 200 µm are associated with chlorite 284 
(fig. 8B). Chlorite and muscovite of the host rock form larger crystals, up to 350 µm, along the contact 285 
with the quartz-vein probably due to host rock recrystallization during vein formation (fig. 8C). 286 
 287 
6.2. Quartz 2-chlorite 2-dolomite 1 288 
This mineral association is related to discontinuous ductile microshears and microveins developed in 289 
the late-cleavage quartz veins (fig. 8D-E). This late stretching also caused the elongation of quartz 290 
crystals, perpendicularly to the veins, with this mineral association precipitating in the triple points 291 
between the elongated quartz crystals (fig. 8F). 292 
Quartz 2 crystals have less inclusions than the previous quartz generation and grow in optical 293 
continuity with the hosting quartz 1 crystals. Dolomite 1 cement is characterized by rhombic and 294 
subhedral crystals, 60 µm and 50 to 100 µm in size, respectively. Chlorite 2 is characterized by 295 
vermicular morphologies, from 53 to 174 µm long and from 15 to 50 µm wide, and it is included 296 
within the quartz 2 crystals and dolomite 1 crystals (fig. 8E-F). 297 
 298 
6.3. Albite-quartz 3-chlorite 3±titanite-anatase 299 
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This paragenesis is found in en-echelon albite veins and breccias formed in the NE-SW normal faults.. 300 
A temporal evolution is observed in these veins: 301 
The first veins, up to 1.5 mm wide, are characterized by the presence of elongated to euhedral albite 302 
and quartz (fig. 9A). These incipient veins are crosscut by straight and sigmoidal veins mainly formed 303 
by albite. These types of veins postdate the minor crenulations formed during the late Hercynian 304 
folding phases (fig. 9B). During and after late veining, breccias were also formed (fig. 9C). In this 305 
deformation, albite is characterized by prismatic crystals, from 50 to 770 μm in size, with Carlsbad 306 
twinning. The albite has a composition above 95% albite, as shown by EPMA, and it is usually altered 307 
to kaolinite. Quartz 3 is inclusion-free, and forms 150-400 μm in size subhedral crystals. Chlorite 3 308 
is characterized by 30-60 μm in size vermicular crystals included in the albite and quartz crystals and 309 
fibrous-radial aggregates, with 300 μm long fibers, between crystals and forming planes at vein walls 310 
(fig. 9D-E). Titanite and anatase grains are occasionally found (fig. 9F). 311 
 312 
6.4. Dolomite 2-chlorite 4-quartz 4 313 
This paragenesis is developed in the NE-SW dolomite veins and vugs affecting the quartz 1 crystals 314 
(fig. 10) and postdates the albite-quartz3-chlorite3±titanite-anatase association (fig. 10A). Vugs are 315 
up to 1 mm in diameter and have irregular borders (fig. 10E-F). Quartz 4 is inclusion-free and grows 316 
in optical continuity with the hosting quartz crystals. Dolomite 2 is represented by dull red, 50 to 340 317 
μm, subhedral crystals in fractures and 100 µm in size rhombs with a dull red to orange concentric 318 
zonation in vugs (fig. 10B-F). Finally, chlorite 4 has vermicular morphologies associated to dolomite 319 
fractures and forms irregular masses in vugs (fig. 10B-C, E). 320 
Dolomite is characterized by δ18O values between -6.3 and -5.4 ‰VPDB and δ13C values between -321 
11.7 and -11.4 ‰VPDB (fig. 6). 322 
 323 
6.5. Calcite 1-barite 324 
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This association is present in the N-S subhorizontal calcite veins and partially cementing the 325 
cataclasites produced during the strike-slip reactivation of NE-SW normal faults. 326 
Calcite 1 is characterized by euhedral drusy, 40 μm to 1 mm in size, crystals with a zoned orange 327 
cathodoluminescence (fig. 10D, 11A-B). Barite forms prismatic crystals, up to 1.5 mm long and 140 328 
μm wide and, together with calcite 1, cements the cataclasites and microfractures in quartz 1 crystals 329 
(fig. 11C-D). 330 
The calcite 1 shows δ18O values between -9 and -6.5 ‰VPDB and δ13C values between -12.7 and -331 
9.7 ‰VPDB (fig. 6). 332 
 333 
6.6. Gouges 334 
Greyish fault gouges are formed in the NE-SW Neogene normal faults. They are constituted by 335 
quartz, muscovite, chlorite, albite and anatase resulting from the comminution of the phyllites and 336 
newly formed illite, smectite and kaolinite. Fault gouges change moderately the global bulk 337 
composition of the Ordovician phyllites, represented by a decrease of the SiO2 content together with 338 
an increase in Al2O3 and K2O. This is consistent with an increase of white mica (illite formation) and 339 
loss of chlorite in the gouges respect to the host rock. 340 
 341 
6.7. Calcite 2 342 
Calcite 2 cement is present in the NNW-SSE Neogene fractures. It is characterized by subhedral 343 
crystals, from 80 to 520 μm in size, with orange luminescence and a drusy disposition in the main 344 
fault planes (fig. 12A-B) and by subhedral to rounded crystals, from 60 μm to 1 mm in size, with 345 
orange to non-luminescent zonation and a blocky disposition in joints (fig. 12C-D). 346 
Calcite 2 cement has δ18O values between -15 and -12.2 ‰VPDB and δ13C values between -7.4 and 347 
-6.3 ‰VPDB (fig. 6). 348 
 349 
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7. Thermometry 350 
7.1. Chlorite chemistry and T- XFe3+ estimates 351 
The chemical composition of chlorites in the phyllites (abbreviation: chl0) and the four vein-filling 352 
paragenesis (chlorites 1 to 4, abbreviations: chl1, chl2, chl3, chl4) was determined by EPMA. Two 353 
main groups are distinguished based on variations in SiO2, FeO, MgO and MnO contents. The first 354 
group is formed by the chlorite in the host rocks chl0 and chlorites chl1, chl2 and chl3. SiO2 ranges 355 
between 24 and 28.6 wt.%, FeO between 20 and 36.8 wt.% (with mean values slightly lower in the 356 
phyllites), MgO between 4.9 and 19.6 wt.% and MnO between 0.1 and 1 wt.%. On the other hand, 357 
the second group formed by chl4 exhibits higher SiO2, MgO and MnO contents (26.7-29.6 wt.%, 13.4-358 
19.3 wt.% and 0.3-2.9 wt.% respectively), and slightly lower FeO content (19.4-28.3 wt.%). Similar 359 
trends are observed in the structural formula composition expressed in atom per formula unit (apfu). 360 
Si content ranges between 2.6 and 2.8, Fe between 2.2 and 3.4, Mg between 0.8 and 2.3 and Mn 361 
between 0.015 and 0.1 in the chl0-3 and, between 2.8-3 apfu, 1.6-2.5, 2.1-2.9 and 0.02-0.26, 362 
respectively, in chl4 (fig. 13). Thus, according to Foster (1962), chl0-3 are dominantly classified as 363 
ripidolites and chl4 as brunsvigites. However, Al2O3 ranges between 22.9 and 23.2 wt.% in Chl0, 19-364 
24.2 wt.% in chl1-3, and 16.7-21.9 wt.% in chl4. Major differences are produced in the AlVI position 365 
with: 1.5-1.7 (chl0), 1.2-1.6 (chl1-3) and 1.1-1.4 (chl4) whereas AlIV is 1.1-1.4 (chl0-3) and 1-1.2 (chl4). 366 
Crystallization temperature and XFe3+ of chlorite were estimated using the calibration of Vidal et al. 367 
(2005, 2006). Convergence was not achieved in the P-T-XFe3+ space for the chl0 composition 368 
observed in the phyllites. Chl1, chl2 and chl3 are characterized by low XFe3+ values of 0.07-0.33 (0.14 369 
in average) and temperatures ranging between 237 and 343ºC (290ºC in average) (fig. 13). By 370 
contrast, chl4 are characterized by higher XFe3+ of 0.46 ± 0.06 and slightly lower temperatures, 371 
ranging between 234 and 309ºC (261ºC in average) (fig. 13).  372 
 373 
7.2. Fluid inclusions 374 
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Fluid inclusions analyses have been performed in quartz and calcite veins. 375 
The petrographic analysis revealed that quartz 1 (qtz1-chl1-mu), quartz 3 (qtz3-ab-chl3) and quartz 4 376 
(qtz4-chl4-dol2) are characterized by small (2-10 µm) primary aqueous biphase liquid-rich fluid 377 
inclusions (25% vol. gas bubble), suitable for microthermometry measurements. On the other hand, 378 
in calcite 1 and 2, primary monophase aqueous fluid inclusions, between 2 and 12 µm in size, 379 
observed in growth zones of calcite crystals remained monophasic after cooling for 7 days at 4°C. 380 
Fluid inclusions in quartz 1 show homogenization temperatures between 230 and 370ºC (with most 381 
values between 240 and 320ºC), quartz 3 between 140 and 310ºC (180-270ºC) and quartz 4 between 382 
157 and 330ºC (180-300ºC) (fig. 14). Thus, the four quartz generations show very similar range of 383 
temperatures, with a slight temperature decrease in quartz 3 and 4. The pattern and the absolute values 384 
are both in line with the results obtained by chlorite thermometry. 385 
In all the quartz generations, melting temperatures above 0ºC were obtained, indicating the presence 386 
of clathrates. Salinities, for the negative Tm values, were calculated in the binary H2O–NaCl system, 387 
using the equation of Bodnar (1993). In quartz 1, Tm ranges between -6 and +8ºC (fig. 14), obtaining 388 
salinity values between 0 and 7 wt% NaCl eq.. Quartz 3 Tm ranges between -9 and +3 ºC, indicating 389 
salinities between 7.8 and 12.8 wt% NaCl eq.. Finally, quartz 4 has the highest Tm variability, between 390 
-21 and +9ºC (fig. 14), indicating salinities between 0 and 23 wt% NaCl eq.. The highest salinities, 391 
20-23wt% NaCl eq., are related to the lowest Th ranging between 157-232ºC. 392 
Raman analyses in fluid inclusions of quartz 1 showed the presence of 0-3% CH4 and 0-41% N2 in 393 
addition to 57-100% CO2. 394 
 395 
8. Discussion 396 
8.1. Evolution from ductile to brittle deformation and related fluid 397 
The association quartz-chlorite-muscovite-albite of the Ordovician phyllites of the Turó de les 398 
Forques indicate their formation during greenschist facies. The absence of biotite suggests that they 399 
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formed at temperatures ca. 400ºC. The absence of intersection between the chlorite-quartz-water 400 
equilibria in the P-T-XFe3+ space for chl0 could suggest formation temperature higher than 380ºC at 401 
low pressure (Lanari, 2012). 402 
Syn-cleavage and late-cleavage quartz veins are highly frequent in Paleozoic low-grade metamorphic 403 
rocks along the CCR, as occurs in most metamorphic rocks, as they are inherently related to 404 
deformation and Si-rich fluids derived from metamorphism (Birtel and Stöckhert, 2008). The 405 
presence of carbonate in the metapelites, as pointed by Gil-Ibarguchi and Julivert (1988), could be 406 
the source for dolomite 1. Also, the presence of the CO2-N2-CH4 mixture in fluid inclusions is 407 
compatible with metamorphic fluids produced by devolatilization reactions and fluid-rock interaction 408 
in sedimentary sequences rich in organic matter under low-grade metamorphic conditions (Shepherd 409 
et al., 1991; Dee and Roberts, 1993; Yardley, 1997; van der Kerkhof and Thiéry, 2001; Kenis et al., 410 
2005). Their related mineral paragenesis, chl1-qtz1-mu and chl2-qtz2-dol1, show slightly lower 411 
temperature conditions than the host rock, 240-340ºC, as suggested by both fluid inclusions and 412 
chlorite thermometry. This result suggests that the veins formed at slightly lower temperatures than 413 
the ones achieved during the metamorphic peak. 414 
It has been suggested that metamorphic fluids are the result of the continuous evolution of 415 
sedimentary pore fluids that are modified during diagenesis and metamorphism by devolatilization 416 
reactions as fluids interact with the host rocks at different P-T conditions (Yardley, 1997; Yardley 417 
and Graham, 2002). The protolith of the Ordovician phyllites consist of greywackes and shales 418 
deposited in deep-sea turbiditic sequences of a passive margin (Vilà and Pin, 2016). Salinities 419 
obtained from fluid inclusions in quartz 1 are similar to those of seawater (3.5 wt% NaCl eq.), 420 
suggesting that the metamorphic fluid has evolved from a marine connate fluid. Small salinity 421 
variations from this value can result from the addition of Cl due to Cl-OH and Cl-F exchange reactions 422 
between the fluid and hydrous minerals (salinity increase) and dehydration reactions produced during 423 
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burial and prograde metamorphism (salinity decrease) (Smith and Yardley, 1999a,b; Yardley and 424 
Graham, 2002; Vidal and Dubacq, 2010). 425 
At mesoscale, quartz veins evidence fluid flow along fractures. Dehydration metamorphic reactions 426 
supply large volumes of silica-rich fluids during cleavage development that favours the formation of 427 
syn-cleavage veins formation. During the last stages of cleavage development, the remaining volume 428 
of silica-rich fluids is lower as observed with the minor development of late-cleavage veins. We 429 
interpret that this late cleavage-perpendicular fracturing was triggered by the decrease in overburden 430 
pressure caused by the denudation of the orogen, which produced a relative fluid pressure increase in 431 
a ductile regime. On the other hand at microscale, fluid flow also occurred along microshears and 432 
intercrystalline boundaries and precipitated in low-pressure areas such as triple points created 433 
between elongated quartz crystals (fig. 15). Such a fluid flow, through interconnected grain 434 
boundaries and triple points, was favored by the temperature conditions. Below 300ºC and low 435 
pressures, the cooling contraction of quartz together with its extremely low diffusion and the stop of 436 
grain boundary migration generated the opening of grain boundaries (Kruhl et al., 2013). Thus, during 437 
metamorphism a coupled fluid flow system acted: a regional channelized fluid flow system giving 438 
rise to the mesoscopic quartz veins and a centimetric scale pervasive flow through grain boundaries 439 
and triple points. 440 
After the development of quartz veins, the formation of albite veins and albite-cemented breccias in 441 
the NE-SW normal faults suggests a progressive change in the fluid composition indicated by the 442 
change from quartz-enriched to albite-dominated paragenesis. As no ductile deformation structures 443 
neither recrystallization textures have been observed related to albite veins, a brittle regime is 444 
interpreted in the formation of these veins. Therefore, the compositional variation of the fluids, from 445 
silica-rich to albite-rich, occurred during the transition from ductile to brittle conditions (fig. 16). 446 
Moreover, the shear sense of the en-echelon vein arrays and the NE-SW normal faults indicate their 447 
formation during an extensional stress regime. At regional scale, two different deformation phases 448 
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could cause the extensional structures: the early Permian extension and the late Permian-Early 449 
Jurassic rifting. The former, resulting from the collapse of the Hercynian orogen and associated with 450 
magmatism and the development of grabens filled with Permian deposits, has been observed in the 451 
Pyrenees and other European regions (i.e. Central French Massif, Alps, German Basin, Ardenne Belt, 452 
Sardinia, Arthaud and Matte, 1977; Ziegler, 1988; Faure, 1995; Deroin, 2003; Lago et al., 2004; 453 
Depoorter et al., 2014), but not in the CCR, up to now. On the other hand, the latter, although being 454 
recognized in the area (Salas et al., 2001), supposes a long-time gap since the end of the Hercynian 455 
orogeny (Carboniferous) to let the gradual fluid composition change between the compressional and 456 
extensional structures. Moreover, during this time interval, at the end of the Permian, there is a 457 
tectonic quiescence stage, registered by the peneplain weathering surface identified in Europe on 458 
Paleozoic rocks before the Buntsandstein facies deposition (Gómez-Gras and Ferrer, 1999; Parcerisa 459 
et al., 2010). Nevertheless, despite the absence of Permian sedimentation and volcanism in the CCR, 460 
Marzo (1979) proposed that the basins delimited by NW-SE faults, where sedimentation of the 461 
Buntsandstein facies occurred, were probably formed during the early Permian extension as these 462 
facies fossilize the faults. Besides, it is important to highlight that these facies, which unconformably 463 
overlay the Ordovician phyllites at the other side of the Llobregat fault (fig. 1), are not affected by 464 
these en-echelon albite veins, thus marking their previous formation. Therefore, we consider that the 465 
en-echelon veins and faults cemented by albite are a direct evidence that this early Permian extension 466 
also took place in the CCR. Temperature estimates by chlorite thermometry and fluid inclusions 467 
indicate a similar range of temperatures than the previous paragenesis, 180-290ºC. However, 468 
significant exhumation had already occurred during and after the Hercynian deformation, as 469 
synorogenic Carboniferous sandstones (Culm facies) contain clasts made of Ordovician to 470 
Tournaisian rocks (Martínez et al., 2016). In fact, as said before, the basal Buntsandstein 471 
conglomerates unconformably overlay the Ordovician phyllites, indicating exhumation of the 472 
Ordovician rocks during the Permian. Thus, such exhumation implies that the albite paragenesis 473 
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precipitated from hydrothermal fluids and/or that the geothermal gradient increased highly above 474 
40ºC/km (minimum gradient acquired during metamorphism in the area). Such fluids had higher 475 
salinities than the previous ones, from 7.8 to 12.8 wt% NaCl eq., and were Na-rich in order to 476 
precipitate albite and Ti-rich in order to precipitate titanite and anatase. Calc-alkaline porphyries 477 
intruded the phyllites after Hercynian folding stages but previous to Triassic times (Enrique, 1990). 478 
The fluids related to these intrusions were hot and Na-rich, as denoted by the porphyry composition, 479 
and also could carry titanium. Moreover, salinities up to 10 wt% NaCl eq. have been observed in 480 
veins of epithermal and porphyry deposits related to calc-alkaline magmatism (Heinrich, 2005). 481 
Therefore, the progressive entrance of magmatic fluids related to these late-Hercynian granodioritic 482 
porphyries may have mixed with the previous metamorphic fluids, explaining the composition, 483 
temperature and salinity of these hydrothermal fluids. Also the stop of the prograding metamorphism 484 
could explain the salinity increase through the end of dehydration reactions that lowered the salinity 485 
by water release (Kenis et al. 2005; Berwouts et al., 2008). 486 
The following dolomite 2-chlorite 4-quartz 4 veins mark a change in the physico-chemical 487 
characteristics of the fluid, as the increase in XFe3+ in Chl4 indicates a more oxidizing character of 488 
the fluid (fig. 13) (Lanari et al., 2014; Trincal et al., 2015). Two scenarios can be invoked to produce 489 
such a shift in the oxidation conditions: (1) a temperature drop and/or (2) a chemical variation of the 490 
rock (Mickucki and Ridley, 1993; Dewaele et al., 2004). Chlorite temperature estimates and fluid 491 
inclusions analyses indicate slightly lower precipitation temperatures, between 210 and 280ºC. 492 
However, for a fixed bulk rock composition and a temperature decrease of 50ºC, XFe3+ only rises 493 
0.06-0.08 (see trends in fig. 13), being here the shift much higher (0.15-0.35). Thus, an external 494 
perturbation is required to significantly affect the redox conditions. Fluid inclusions reveal a fluid 495 
mixing line between hot, low to intermediate salinity fluids (recycled from the previous paragenesis) 496 
and a subordinate low temperature (140-200ºC) high salinity fluid (fig. 14). Thus, the change in the 497 
oxygen fugacity is probably due to the entrance of a colder and very oxidizing external brine. 498 
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Applying the equation of Fritz and Smith (1970) for dolomite 2, with δ18O values between -6.3 and -499 
5.4 ‰VPDB and T between 140 and 280ºC, the δ18O of the fluids ranges between +7.4 and +19.8 500 
‰VSMOW. These values confirm that fluids derived or are in equilibrium with metamorphic and 501 
igneous rocks and were mixed with a more δ18O-depleted brine (Taylor, 1967, 1977). In turn, the 502 
highly 13C-depleted values of dolomite 2 indicates that there was no expulsion of aqueous fluids with 503 
CO2 derived from carbonate rocks from the Paleozoic sequence, which are represented by Ordovician 504 
carbonates interbedded with the phyllites and Devonian carbonate rocks (Rumble et al., 1986). On 505 
the contrary, these values may record, on one hand, the production of δ13C-depleted CH4 during 506 
metamorphism and, on the other hand, the production of δ13C-depleted CO2 during this oxidizing 507 
stage, through the oxidation of the carbonaceous material contained in the metapelites and/or the 508 
oxidation of δ13C-depleted CH4 produced during metamorphism (Taylor and O’Neil, 1977; Rumble 509 
et al., 1986). This CO2 content increase probably caused a change in the XCO2 gradient, favoring the 510 
stability of carbonates in this stage (Mickucki and Ridley, 1993). This increase in CO2 lowers the 511 
water activity and thus may affect the chlorite and XFe3+ estimates made with the model of Vidal et 512 
al. (2005, 2006). For chl4, the model predicts equilibrium at 264 ± 18°C for a XFe3+ of 0.46 ± 0.08 513 
assuming aH2O = 1, 240 ± 19 °C for a XFe3+ of 0.47 ± 0.07 assuming aH2O = 0.4 and 222 ± 17 °C 514 
for a XFe3+ of 0.48 ± 0.07 assuming aH2O = 0.2 (details in supplementary material S1). This 515 
comparison shows that the temperature slightly decreases with decreasing aH2O, whereas XFe3+ is 516 
not affected by aH2O. The predicted decrease of T is however small and remain close to the analytical 517 
uncertainty and the model returns values that are in line with the T recorded by the fluid inclusions. 518 
Taking into account these observations, dolomite veins were probably formed during the last stages 519 
of the early Permian extension during ongoing exhumation (fig. 16). 520 
Reverse and strike-slip faults observed at mesoscale have been related to the N-S subhorizontal calcite 521 
veins according to the similar structural orientation. All these structures, which are a minor phase in 522 
the Turó de les Forques, have been related to a compressional event. Vein minerals in this stage are 523 
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different from previous deformational phases revealing a major change in the fluid composition and 524 
origin. Calcite 1 and barite are present instead of chlorite and quartz and, as indicated by the presence 525 
of monophasic fluid inclusions (Goldstein and Reynolds, 1994), this mineral paragenesis precipitated 526 
at low temperatures, below 50ºC. The presence of barite indicates that the low-temperature fluid 527 
contained dissolved SO42-, suggesting the presence of seawater or of meteoric water that has 528 
remobilized sulfate from evaporites. Besides, this fluid had to interact with Ba-bearing minerals, such 529 
as K-feldspars and K-micas (Hanor, 2000), which are main components within the Paleozoic 530 
granodiorites and phyllites and the Miocene siliciclastics filling the Neogene basins. These fractures 531 
formed after the NE-SW dolomite veins, as indicated by crosscutting relationships, but we cannot 532 
settle these structures in time without any doubt. However, the compressional character of these 533 
structures leads us to point out that their formation took place either during the Paleogene 534 
compressional event or during the minor compressional stage that occurred during the Langhian to 535 
early Serravallian. In the former case, reverse faults do not show the common NE-SW Paleogene 536 
orientation, but a reactivation of previous discontinuities cannot be excluded. In the latter, reverse 537 
and dextral strike-slip faults with similar orientations cemented by calcite and minor barite have been 538 
identified in the Burdigalian conglomerates (Parcerisa et al., 2005; Travé and Calvet, 2001, Travé et 539 
al., 2009). These calcites have similar δ18O values to calcite 1 but more positive δ13C. The δ13C-540 
depletion in calcite 1, between -12.7 and -9.7 ‰VPDB, could be caused by organic matter oxidation 541 
via sulfate reduction, as could be pointed by the association with barite (Sass et al., 1991), or by the 542 
entrance of soil-derived CO2 (Hudson, 1977). 543 
Finally, the youngest structures identified in the Turó de les Forques correspond to NE-SW and 544 
NNW-SSE normal faults affecting both Paleozoic and Miocene rocks, which form gouges and calcite 545 
slickenlines, respectively (fig. 16). The formation of gouges in the NE-SW normal faults affecting 546 
the phyllites clearly indicates brittle deformation at very shallow crustal levels (Sibson, 1977). Calcite 547 
2 cement shows a narrow range of δ13C values consistent with those of the Miocene lacustrine 548 
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carbonates (-7.7 to -6.5 ‰VPDB), indicating that the fluid was buffered by the Miocene lacustrine 549 
carbonates (Tasse and Hesse, 1984; Marshall, 1992). On the other hand, calcite 2 cement is 550 
characterized by significant δ18O-depleted values (fig. 6), which could result from high temperature 551 
fluids or low δ18O groundwaters. High temperature fluids can be ruled out since fluid inclusions in 552 
calcite 2 are monophasic and therefore are interpreted to be trapped at temperatures below 50ºC 553 
(Goldstein and Reynolds, 1994). Moreover, these fluid inclusion associations formed by uniquely all-554 
liquid fluid inclusions are indicative of their entrapment within the phreatic zone and the lack of 555 
heating during burial (Goldstein and Reynolds, 1994). The δ18O composition of the lacustrine host 556 
rocks, -8‰VPDB, is consistent with the δ18O composition of the Miocene meteoric waters, estimating 557 
that during the Miocene the Vallès-Penedès basin was only 4º to the south of its current latitude 558 
(Smith, 1996) and thus, the δ18O of precipitation waters was probably similar to current precipitation 559 
waters (around -7‰ SMOW, according to Plata (1994) and Redondo and Yélamos (2000)). Thus, 560 
applying the equation of Craig (1965), and taking into account this depleted value for groundwaters 561 
and the δ18O of the calcites, a range of fluid temperatures between 34 and 57ºC is obtained. These 562 
temperatures are in agreement with the maximum burial depth of Burdigalian sediments in the 563 
southern Vallès-Penedès margin (up to 1 km according to Travé et al., 2009), considering a 564 
geothermal gradient of 30ºC/km (Juez-Larré, 2003). Calcite 2 cement has similar isotopic values to 565 
calcites cementing faults in the Burdigalian clays, sandstones and conglomerates of the surrounding 566 
areas (Travé et al., 2001, 2009). These authors also interpreted these calcite cements as precipitated 567 
from meteoric waters. 568 
 569 
8.2. Structural evolution and fracture development of the Turó de les Forques hill 570 
The Turó de les Forques hill and its associated fracture pattern resulted from a long-lived tectonic 571 
history spanning from Carboniferous up to Miocene. Unlike Hercynian quartz veins, albite veins 572 
(albite-quartz 3-chlorite 3±titanite-anatase) are exclusive from the Ordovician phyllites of the Turó 573 
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de les Forques. They have not been observed neither in other phyllite outcrops along the CCR nor in 574 
any study about deformation and fluids in Mesozoic and Paleozoic rocks along the CCR (Carreras 575 
and Santanach, 1975; Cardellach et al., 2002; Tucker and Marshall, 2004; Piqué et al., 2008; Baqués 576 
et al., 2012; Cantarero et al., 2014b, c). As a consequence, a specific structural control, different to 577 
other areas, had to exist in the Turó de les Forques to be the responsible of these veins. NNW-SSE 578 
normal faults were active during the early Permian extensional event (see Marzo (1979), section 8.1). 579 
One of these faults, the Llobregat Fault, limited the Turó de les Forques to the SW following the trace 580 
of the current Llobregat River (fig. 1), and constituted an important paleogeographic limit during the 581 
sedimentation of the Buntsandstein controlling its thickness (Marzo, 1979; Anadón et al., 1979). The 582 
activity of this fault during the early Permian coupled with the abundance of albite veins in the Turó 583 
de les Forques hill allow us to propose that two SW-dipping extensional fault segments, laterally 584 
offset, of the Llobregat fault (fig. 1A), generated a relay zone between the two fault tips (fig. 17A). 585 
The high fracture density, up to 75 fractures/m, and the several fracture orientations are in agreement 586 
with fracture patterns described in relay zones in order to accommodate the extension between the 587 
two fault tips (Peacock and Sanderson, 1994; Soliva and Benedicto, 2004; Crider and Peacock, 2004). 588 
In addition, the interpretation that albite veins precipitated from hydrothermal fluids, produced by the 589 
mixing between metamorphic and magmatic fluids, reinforces the interpretation of an existing relay 590 
zone during this time, as these zones are preferential pathways for ascendant fluid flow, including 591 
hydrothermal, magmatic and metamorphic fluids, and therefore for cement precipitation (Antonellini 592 
and Aydin, 1995; Rotevatn et al., 2007; Fossen and Rotevatn, 2016). Moreover, because of the low 593 
porosity and permeability of the phyllites, the hydrothermal upflow was especially focused through 594 
the relay fractures that increased the permeability. During the Mesozoic extension, two rifting stages 595 
took place in the CCR and deformation was mostly accommodated by the NE-SW faults with minor 596 
contribution of the NW-SE transverse fault system (Bartrina et al., 1992). Within the Turó de les 597 
Forques and closer areas (Martorell-1 well; fig. 1), the Mesozoic succession is absent and the Miocene 598 
25 
 
sediments unconformably overlays the Paleozoic rocks (Lanaja, 1987). This fact indicates that the 599 
studied area remained as a structural high with no sedimentation or even erosion. The Paleogene 600 
compression (middle Eocene - Oligocene) uplifted the whole CCR reactivating previously developed 601 
NE-SW extensional faults (Roca, 1994). Within the studied area, this compressional stage could be 602 
registered by reverse faults and associated calcite veins. Finally, during the Miocene extension, NE-603 
SW faults generated the current horst and graben geometry of the CCR, which was lately segmented 604 
by the reactivation of NW-SE faults. Thus, it is during this phase that the Turó de les Forques acquired 605 
its current configuration as an isolated horst (fig. 17B). The Paleozoic rocks of the horst also remained 606 
poorly buried during this extensional event as revealed by the generation of gouges and the 607 
precipitation of low temperature cements in the NW-SE normal faults and the thin fluvio-lacustrine 608 
Burdigalian sequence (Anadón and Cabrera, 1980; Cabrera, 1981). In contrast, the Martorell-1 well 609 
testifies more than 2.2 km of Miocene succession (Lanaja, 1987) denoting the important throw of the 610 
NE-SW normal faults and the differential subsidence between the two near areas. 611 
 612 
9. Conclusions 613 
The Turó de les Forques horst, formed by Ordovician phyllites, registers a long deformation history 614 
that spans from Ordovician to Miocene times that embrace from a ductile regime in the greenschist 615 
facies to shallow brittle deformation. 616 
Nine fracture types have been characterized in this horst. Based on petrological and geochemical 617 
analyses of their mineral assemblages, the evolution of the fluid flow system was established during 618 
the progressive deformation of the sequence constituting the horst:  619 
(1) Syn-cleavage and post-cleavage veins of qtz1-chl1±mu and late qtz2-chl2-dol1 formed during the 620 
main Hercynian deformation. These cements precipitated from metamorphic fluids, possibly evolved 621 
from seawater connate fluids, in a closed hydrological system at temperatures between 240 and 622 
26 
 
340ºC. The fluid flow system was dominated by a regional channelized system along mesoscopic 623 
veins coupled with a local pervasive system through grain boundaries and triple points.  624 
(2) En-echelon vein arrays of ab-qtz3-chl3±ti-an and NE-SW normal faults generating breccias mark 625 
the change from: 1) ductile to brittle conditions, 2) compressional to extensional tectonics and 3) 626 
closed to open hydrologic regime. This paragenesis precipitated from the mixing of metamorphic and 627 
magmatic fluids, related to late-Hercynian porphyries, at temperatures between 180 and 290ºC during 628 
the early Permian extension.  629 
(3) Dolomite veins (dol2-chl4-qtz4) are possibly associated to the late stage of the early Permian 630 
extension. Vein-filling minerals precipitated at 210-280ºC from the mixing of previous fluids with 631 
hypersaline external brines in an open hydrological system at more oxidizing conditions.  632 
(4) Reverse faults and cc1-ba veins formed either during the Paleogene compression or during the 633 
Langhian to early Serravallian minor compression. Calcite and barite precipitated from meteoric or 634 
marine waters in an open hydrological system.  635 
(5) Finally, the Miocene extension is represented by NE-SW normal faults with fault gouges and NW-636 
SE normal faults cemented by calcite 2 that precipitated at temperatures below 50ºC from meteoric 637 
fluids in an open basin-scale hydrological system. 638 
The ductile to brittle transition occurred between the change from compressional to extensional 639 
tectonics in the early Permian. This transition was produced by the exhumation resulting from the 640 
uplift and erosion of the orogen during compression.  641 
The intense albite veining, concentrated exclusively in the Turó de les Forques, together with their 642 
shear sense and orientations fits into a kinematic model of a relay ramp between two segments of the 643 
Llobregat fault. Such structure, produced during the early Permian collapse of the Hercynian orogen, 644 
produced a high-permeability path for the fast upflow of hydrothermal fluids in the low-permeability 645 
phyllites. 646 
27 
 
The outcrop of this early Permian relay zone within the Miocene horst is due to a structural and 647 
erosional control. On one hand, the successive deformation phases have reactivated inherited faults, 648 
concentrating deformation along the same structures. On the other hand, from Permian up to now, the 649 
Turó de les Forques has been a structural high due to its position at the footwall of the NW-SE 650 
Permian extensional faults and at the footwall of the NE-SW Miocene extensional faults. As a 651 
consequence, the Turó de les Forques has remained as an area of almost no sedimentation and affected 652 
by erosion, allowing the exposure of the Permian relay zone. 653 
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FIGURE CAPTIONS 1001 
Figure 1. Geological setting. A) Location and schematic map of the Catalan Coastal Ranges and 1002 
magnification of the Littoral Chain around the study area. The black square indicates the location of 1003 
the Turó de les Forques. The location of the well Martorell-1 is indicated. B) Cross-section of the 1004 
CCR indicated in the inset of A (from Travé et al., 2009). C) Enlargement of the squared area in the 1005 
cross-section shown in B. The square marks the location of the Turó de les Forques study area (fig. 1006 
2). 1007 
Figure 2. A) Geological map and B) cross-section of the Turó de les Forques. Location of figure 3 is 1008 
indicated. 1009 
Figure 3. A) View of the main outcrop formed by the Ordovician phyllites representing the 1010 
distribution and orientation of the different fracture systems. Some of the structures could only be 1011 
drawn in the lower half of the outcrop due to the impossibility of access to the upper outcrop section 1012 
in order to check their distribution. B) Unconformity between Ordovician phyllites and Miocene 1013 
rocks displaced by NNW-SSE normal faults and detail of the calcite slickenlines in the fault plane 1014 
crosscutting the unconformity. C) Lower-hemisphere equal-area stereoplots of Miocene bedding, 1015 
regional foliation and the different sets of faults and veins. 1016 
Figure 4. Field images of fractures. A) Syn-cleavage folded quartz vein. The dashed line defines the 1017 
regional foliation (Sr), which defines the axial plane of the fold. B) Late-cleavage quartz vein. C) Two 1018 
single en-echelon albite vein arrays, formed by sigmoidal veins. D) En-echelon albite vein array, 1019 
43 
 
formed by straight veins, associated to two discrete fault planes. E) Phyllite breccia cemented by 1020 
albite. F) Cataclasite associated to the strike-slip reactivation of a NE-SW normal fault. Clasts made 1021 
of albite cement are highlighted by their pinkish color (red arrow). G) NE-SW Neogene normal fault 1022 
with a thick fault core formed by a grey gouge. 1023 
Figure 5. Microphotographs of the Ordovician phyllites. A) Regional foliation parallel to the 1024 
compositional pelitic and quartz-rich layers (cross polarized light, XPL). B) Syn-cleavage folding of 1025 
the bedding, defined by quartz-rich layers (plane polarized light, PPL). C) Regional foliation defined 1026 
by muscovite, chlorite and elongated quartz (XPL). D) Crenulation of the the regional foliation (PPL). 1027 
Figure 6. δ18O and δ13C cross-plot of the host Miocene limestones, calcite and dolomite cements. 1028 
Figure 7. Structures and paragenetic sequence of the Turó de les Forques. Black lines: structures; 1029 
grey lines: faults rocks and mineral associations. 1030 
Figure 8. Microphotographs of syn-cleavage and late-cleavage quartz veins. A) Quartz 1 crystals 1031 
with undulouse extinction, subgrains, lobated grain boundaries and deformation lamellae (XPL). B) 1032 
Chlorite 1-muscovite vein emplaced along quartz 1 crystals boundaries (XPL). C) Recrystallization 1033 
of host rock chlorites along the border with the quartz 1 vein (PPL). D) Microshear, producing grain 1034 
size reduction and recrystallization, associated with quartz elongation (XPL). E) Microvein formed 1035 
by clear quartz and vermicular chlorites (PPL). F) Triple points, formed between elongated quartz 1036 
crystals, and cemented with dolomite 1-chlorite 2-quartz 2 association (XPL). 1037 
Figure 9. Microphotographs of albite-quartz 3-chlorite 3±titanite-anatase paragenesis. A) Vein 1038 
formed by elongated quartz and minor elongated albite (PPL). B) Vein of albite crosscutting minor 1039 
crenulations (PPL). C) Breccia cemented by the paragenesis albite-quartz 3-chlorite 3±titanite-1040 
anatase (PPL). D) Quartz 1-chlorite 1 vein displaced by an albite-chlorite 3 vein. Note the vermicular 1041 
morphology of chlorites contained in the kaolinitized albite (PPL). E) Fibrous-radial chlorite 1042 
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aggregates at the contact between the quartz 1 vein (left) and albite-quartz 3-chlorite 3 vein (right) 1043 
(XPL). F) Albite vein containing several anatase crystals (XPL).  1044 
Figure 10. Microphotographs of the dolomite 2-chlorite 4-quartz 4 paragenesis. A) Dolomite 2, 1045 
partially calcitized by calcite 1, filling the remaining porosity after albite precipitation in a fracture 1046 
(XPL). B) Dolomite 2 and chlorite 4 veins crosscutting quartz 1 crystals (XPL). C) Dolomite 2-1047 
chlorite 4-quartz 4 vein (PPL). D) CL image of dull dolomite 2 crosscut by a later calcite 1 vein. E) 1048 
Vug developed in quartz 1 crystals partially cemented by rhombic dolomite 2, chlorite 4 and pyrite 1049 
(PPL). F) CL image of rhombic dolomite crystals in vugs showing a zoned cathodoluminescence. 1050 
Figure 11. Microphotographs of the calcite 1-barite paragenesis. A) Fracture cemented by a drusy 1051 
mosaic of calcite 1 (XPL). B) CL image of a calcite 1 fracture showing their zoned orange pattern. 1052 
C) Cataclasite formed by phyllite and albite vein clasts (red arrows) cemented by barite (PPL). D) 1053 
Microfractures between quartz 1 crystals cemented by barite (red arrow) and calcite 1 (black arrow) 1054 
(XPL). 1055 
Figure 12. Microphotographs of the calcite 2 cement. A-B) Plane light and CL image of calcite 2 1056 
cement in a fault plane. C-D) Plane light and CL image of calcite 2 cement in joints characterized by 1057 
rounded crystals and zoned cathodoluminescence. 1058 
Figure 13. A) Classification of chlorites according to Foster (1962). B) XFe3+ vs. temperature 1059 
estimated from Vidal et al. (2005, 2006) geothermometer. Two main trends corresponding to two 1060 
redox conditions of the fluid are observed: one from a less oxidized fluid, defined by chlorites 1 to 3 1061 
(continuous line) and one from a more oxidized fluid, defined by chlorites 4 (dashed line). 1062 
Figure 14. Homogenization temperatures (Th) from fluid inclusions obtained for quartz 1, 3 and 4 1063 
and Th vs. Tm plot for quartz 1, 3 and 4. 1064 
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Figure 15. Pervasive fluid flow during the Hercynian deformation along microshears and 1065 
intercrystalline boundaries and precipitation in low-pressure areas such as triple points created 1066 
between elongated quartz crystals. 1067 
Figure 16. Evolution of deformation from ductile to brittle conditions, from Carboniferous to 1068 
Miocene times, and its related structures and tectonic regime, mineral paragenesis, temperature and 1069 
depth conditions, fluid origin and hydrogeologic regime. Qtz: quartz, chl: chlorite, mu: muscovite, 1070 
ab: albite, dol: dolomite, ti: titanite, an: anatase, cc: calcite, ba: barite. 1071 
Figure 17. Structural evolution and fracture development of the Turó de les Forques hill. A) 1072 
Generation of a relay zone between the two fault segments of the Llobregat fault during the Early 1073 
Permian. Metamorphic and magmatic fluids ascend along the relay zone. B) Formation of the Turó 1074 
de les Forques horst during the Miocene. Meteoric waters percolated through the faults. M1: 1075 
Martorell-1 well. 1076 
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